Purpose: Despite advances in harvesting and culturing techniques, analysis of the impact of these improvements on the observed frequency of chromosomal abnormalities in spontaneous abortions (SAB) has not been determined. We sought to evaluate the effect of these refinements on the success rate of our cultures and on the resulting frequency of detected chromosomal abnormalities. Methods: Between 1990 and 2002, 2301 specimens obtained from the products of conception (POC) of SABs were submitted to our laboratory for cytogenetic analysis.
A correlation between chromosomal abnormalities and spontaneous abortions (SABs) has been observed since the 1960s. 1 This correlation was strengthened in the 1970s when Boue et al. 2 published one of the earliest large cytogenetic studies. In the study, almost 1500 samples of fetal tissue were karyotyped and an abnormality rate of over 60% was found. Subsequent large studies using harvested products of conception (POC) failed to match this abnormality rate, with rates of 32%-54% reported. [3] [4] [5] [6] [7] [8] [9] Furthermore, a large number of specimens in these studies failed to grow successfully in culture and thus could not be evaluated for abnormalities. The data culled from these studies have served as the basis for the estimated abnormality rates in the general population even to this day.
In the mid-1980s, a shift in cytogenetic techniques emerged, as studies utilizing chorionic villi from POCs began to appear in the literature. 10 -14 These studies had a much lower rate of culture failure and a higher abnormality rate. Unfortunately, most of these studies were of small sample size and some involved women of more advanced age. This improvement in methodology, coupled with advances in the detection of early pregnancy, supported the belief that the incidence of chromosome abnormalities was greater than previously estimated. 15, 16 Certain trends, however, have remained unchanged. Aneuploidy continues to account for the largest proportion of abnormalities observed in POCs. 17 Although many theories have been proposed, the exact causes for this high rate of aneuploid conceptions in humans have remained unclear. 18 -20 Furthermore, multiple aneuploidies continue to be reported infrequently in the literature, predominantly as sporadic case reports, some involving liveborn conceptuses. [21] [22] [23] Advances in technology and techniques continue to improve our diagnostic abilities. The utilization of comparative genomic hybridization (CGH) and interphase fluorescence in situ hybridization (iFISH) has allowed cytogenetic laboratories to evaluate POC samples that have failed to grow. 24, 25 In order to determine the impact of these new techniques, an accurate representation of current abnormality rates, which reflect current reproductive trends, is needed to serve as a comparison.
In this report, we present a large collection of data spanning a 12-year period in an attempt to assess the impact these various methodological changes have had on the detection rate of abnormalities in POCs. With this study, we hope to provide an update and to add an additional perspective to the current knowledge of cytogenetic abnormalities in SABs.
MATERIALS AND METHODS
Between 1990 and 1997, spontaneously aborted samples from patients in our institution were usually forwarded to the cytogenetics laboratory after being processed in the Pathology Department. The samples were then set up using standard solid tissue techniques. Small pieces of tissue were minced manually and placed in a T-25 tissue culture flask with the addition of appropriate tissue culture media after the cells were attached. This method, along with similar techniques utilized in previous studies, is referred to throughout this article as POC harvesting.
In the latter part of 1997, a concerted effort was made to change the specimen handling and culturing processes. Referring obstetricians were contacted and instructed to send their specimens directly from the operating room or their offices to the cytogenetics laboratory. After culture initiation, the staff of the cytogenetics laboratory then forwarded the remaining portion of the specimen to the Pathology Department. In addition, the Pathology Department agreed to contact the cytogenetics laboratory before placing specimens in formalin, if they noted a request for cytogenetic studies.
In 1997, modifications were also made in the culturing process. A diligent effort was made to carefully dissect chorionic villi from placental tissue as well as tissue from fetal parts. An enzyme mixture consisting of collagenase, hyauronidase, and DNAase was used to digest the POC villi. The digested cells were centrifuged and plated on coverslips (in situ diagnostic CVS protocol) in addition to being set up in tissue culture flasks. This method, and similar methods reported in previous studies, is referred to in this article as CV harvesting. If no villi or fetal parts were recovered from the specimen, the attending obstetrician was notified and, in most cases, the request for cytogenetic analysis of the POC was cancelled.
The study protocol was submitted to and approved by the Institutional Review Board of the Mount Sinai School of Medicine. Data were collected retrospectively from records of all of the specimens processed by the cytogenetics laboratory from January 1990 through December 2002. Between January 1990 and April 1997, results and demographic data were recorded in logbooks. After April 1997, results were entered into a pass- word-protected computerized database. Only those patients with documented spontaneous abortions were used in the study. POC specimens from induced abortions sent to the laboratory for confirmation of abnormal results obtained by CVS or amniocentesis were not included in the study. Of the initial 2301 specimens eligible for study, 121 were excluded, thus bringing the total to 2180. Reasons for exclusion included cancellation by the ordering physician, submission for research purposes, or inappropriate collection of the POC.
Results from each year were analyzed and divided into two specific blocks of time, with 1990 to 1997 forming Period A and 1998 to 2002 forming Period B. These dates were selected based on the modifications in laboratory procedure discussed earlier.
Chi-square analyses were used to check for homogeneity of our results within each time period.
Because advanced maternal age is associated with an increased risk of fetal chromosome abnormalities, the ages of the women in the two groups were evaluated. Age data were available for only approximately one-third of the cases in Period A, due to the format of the logbooks used predominantly from 1992 through 1996. As will be discussed subsequently, independent sample t tests assessed whether maternal age was different between the two groups and could thus affect our results. Chi-square analysis was performed to determine whether there were abnormal distributions of ages within each time period that could account for the average ages obtained. Finally, linear regression was applied and the data were reanalyzed using only those cases for which maternal age was available. With rare exception, this analysis failed to alter the significance of our results.
Chi-square analyses were used to determine whether there was an association between the laboratory findings and the time periods. In order to determine whether maternal age or the time required for sample analysis correlated with specific karyotype results, independent sample t tests were used. An overall significance level of 0.05 was used in this study. SPSS and Microsoft Excel with Statplus software were used for the analysis of the data. All of the results were reviewed by a statistician from the Department of Biomathematics of the Mount Sinai School of Medicine.
RESULTS
Comparison of Periods A and B Table 1 shows the number of contaminated and no growth cases, the sex ratio of the normal karyotypes, and the proportion of abnormal karyotypes for Periods A and B. The distribution of the various types of abnormalities within the abnormal category did not differ between the two periods, with aneuploidies, polyploidies, and structural abnormalities accounting for approximately 82%, 14%, and 4% of the abnormalities, respectively.
Aneuploidy
Cases within the aneuploid group were divided into trisomy, monosomy, multisomy, and mosaic categories ( Table 2 ).
Trisomy
The proportion of aneuploid cases and the proportion of abnormal cases that were trisomies did not significantly differ between the two periods. Trisomies, however, composed a significantly larger proportion of all of the cases analyzed in Period B compared to Period A. Figure 1 shows the chromosome distribution of the 723 cases with an extra chromosome. These numbers differ slightly from the trisomies reported in Table 2 due to the inclusion of mosaic and complex karyotypes that contained a trisomic cell line and the exclusion of the 5 cases with a marker chromosome. Although every chromosome was represented in this figure, the frequencies of the individual chromosomes varied greatly. Trisomy 16 was the most common (18.3% of all trisomies and 12.0% of all 1099 abnormal cases), followed closely by trisomy 21 and trisomy 22. Trisomy 1 and trisomy 19 were the least common, with only one case of each found (both in Period B) over the 12-year period. Figure 1 also shows the distribution of each trisomy within its respective time period (201 cases in Period A and 522 cases in Period B). In Period A, trisomy 21 was the most common trisomy (23.9% of trisomies and 15.6% of all abnormalities within period A) followed by 16, 22, and 18; whereas in Period B, trisomy 16 was the most common (18.4% of trisomies and 12.1% of all abnormalities within period B), followed by 22, 21, and 15. 
Monosomy
In Period A, all 42 monosomies were 45,X. Monosomy X was found in 54 (80.6%) of the 67 monosomies found in Period B, and accounted for 6.8% of all abnormalities within this period. Monosomy 21 accounted for 85% of the autosomal monosomies and for 16.4% of all monosomies found in Period B. Monosomies accounted for a significantly lower proportion of the aneuploid and abnormal cases in Period B than in Period A. When linear regression was applied, however, this difference was no longer statistically significant.
Multiple aneupolidy
The multiple aneuploidy category consisted of POCs with aneuploidy of two or more chromosomes. Further details regarding this unique category are found in the multiple aneuploid section of this article. A full listing is found in Appendix A.
Mosaic
If a mosaic case contained a cell line with trisomy, that trisomy was also included in the data presented in Figure 1 .
Polyploidy
The Polyploid group was divided into triploid, tetraploid, near/pseudo polyploid, and mosaic categories (Table 3) .
Triploid and Tetraploid
The percentage of polyploid cases as well as the percentage of all abnormal cases that were triploid or tetraploid did not significantly differ between the two periods. Triploidy, however, did compose a significantly larger proportion of all of the analyzed cases in Period B.
Near/Pseudo Polyploid
This category consisted of either triploid or tetraploid specimens that had any number of additional or missing chromosomes. These results are discussed below along with the multisomy karyotypes.
Mosaic
The mosaic category contained those polyploid cases that had multiple cell lines, including some with aneuploidy. A listing of these cases is found in Appendix A.
Multiple aneuploidy
These 85 cases made up 4.4% of the 1920 cases analyzed and 7.7% of the 1099 abnormal karyotypes. Multiple aneuploidies comprised a significantly greater proportion of the abnormal cases and of the total analyzed cases in Period B (Table 4 ; Appendix A).
All chromosomes were represented in the multiple aneuploid group except for 1 and 17. Figure 2 of a specific chromosome in the 85 cases. If a chromosome had more than one extra or missing copy (e.g., five copies of a chromosome in a triploid karyotype), the chromosome was only counted once. Chromosomes 21, 16, 22, and 15 were found most frequently in 28.2%, 21.2%, 18.8%, and 18.8% of the 85 multiple aneuploidies, respectively. Sixteen (18.8%) of the 85 cases had at least one missing chromosome. Double trisomies were found in 54 (63.5%) of the multiple aneuploid cases. An additional three cases had double trisomies as well as another abnormality (i.e., derivative chromosome or mosaicism), bringing the total to 57 cases (67.1%). Further delineation can be found in Figure 3 . Forty-eight of the 57 cases were found in Period B, and they composed 4.0% of the 1203 analyzed cases in that period and 6.1% of the 792 abnormal cases. The double trisomies involved all chromosomes except 1, 3, 11, 17, and 19.
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Processing time
The interval of time from when a specimen arrived in our laboratory to when the results were reported was determined for both normal and abnormal results. The average turnaround time from a random sampling of 125 SABs with normal karyotypes (10.9 days) compared to a random sampling of 130 trisomic cases (9.6 days) and the 80 multiple aneuploid 
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cases (10.8 days) for which this data were available were not significantly different from each other.
Maternal age
Age data were available for only 241 (33.6%) of the 717 analyzed specimens in Period A, with a mean maternal age of 35.6 (SD 5.8) years (Table 5) . In Period B, ages were available for 98.4% of the 1203 cases, with a mean age of 36.6 (SD 5.2). The maternal ages were evenly distributed within each time period (data not shown).
Data from Period B was used to evaluate the correlation between maternal age and specific karyotype results. Maternal ages were available for 405 of the 411 specimens with normal karyotype, 518 of the 522 specimens with trisomy, and 71 of the 74 specimens with multiple aneuploidy. The mean ages of these three groups were found to be significantly different (Table 6), with the complexity of the karyotype abnormalities correlating with increasing maternal age.
Comparison of results to previous studies Table 7 shows the data from Period A and compares it to previous studies that used similar harvesting techniques. The data from all of these studies includes over 10,000 specimens and the combined data are shown in the last column of the table. Due to variability in exclusion criteria or lack of information in the articles, it was difficult to calculate the actual percentage of growth failure and contamination in these early studies. Many of these articles reported high growth failure rates as well as the inability to karyotype POCs due to the absence of fetal tissue. 3, 4 The abnormality detection rate in almost all of these studies was Ͻ 50%. The most notable exception was the early study by Boue et al. 2 in which the majority of fetal specimens were collected immediately from women with a threatened abortion. Whereas the abnormality rate of Period A is comparable to the other POC harvesting studies, the distribution of the abnormalities differs. Of the studies shown in Table 7 , Period A from the current study contained the oldest women. Table 8 presents data from Period B and compares it to studies that used CV harvesting as well as comparative genomic hybridization (CGH) and interphase in situ hybridization (iFISH). The total data from all the CV harvesting studies includes over 2500 specimens and is shown in the table.
With the exception of the study by Eiben et al., 11 these studies are comparatively smaller than those found in Table 7 . Culture and karyotype success rates were higher in this group than in the earlier collection of studies using POC harvesting. Abnormality rates were also higher in this group of studies, with all studies having an abnormality rate of Ͼ 50%. The study by Eiben et al. 11 had a low abnormality rate for this methodology when compared to the other studies and is responsible for reducing the total abnormality rate in this table. Unfortunately, the limited amount of maternal age data found in the articles referenced in both Table 7 and 8 makes analysis of this important factor difficult. 
Probability table
Using our data from Period B, a probability table was created according to maternal age to determine the likelihood that a POC would have a specific abnormality ( Table 9 ). As maternal age increased, so did the odds of having an abnormal, aneuploid POC. Trisomies and multiple aneuploidies comprised over 70% of all SABs in women 40 years old or older.
DISCUSSION
This 12-year study provides additional insight into the distribution and types of chromosomal abnormalities that are found in SABs. With the modification of our technique, a significant improvement was found in diagnostic yield. This was largely due to a reduction in the percentage of specimens that were contaminated or that failed to grow. The 94.5% culture success rate in Period B allowed for more cases to be analyzed and is higher than the rate reported in most large case series. [3] [4] [5] 9, 11 Increased diagnostic yield was coupled with an increased detection of abnormal cases in Period B. Given the large overlap in the standard deviations and the clinical insignificance of a 1-year difference between the mean ages (Table 5) , the differences observed in the overall abnormality rates between the two periods can be attributed to the methodological changes implemented in our laboratory.
When comparing our data from Period A to previous studies using POC harvesting, maternal age was highest in our study. This increase in age is the most likely explanation for the higher rate of trisomies found in Period A. The overall rate of abnormalities (Table 7) is comparable due to the similar techniques used in acquiring tissue. The studies using CV harvesting have higher culture success and abnormality rates, but some of them also have a generally higher maternal age. 12, 13 This may be a reflection of women choosing to become pregnant later in life. This generalized increase in maternal age contributes to the higher abnormality rates detected using CV harvesting methodology. The link between nondisjunction and maternal age is also highly evident from the data presented in Table 6 , which shows significantly higher mean ages among women with trisomies and multiple aneuploidies. 22 The abnormality rate of over 65% in Period B is higher than the 50% to 55% generally reported in large SAB studies using POC harvesting (Table 7) . [3] [4] [5] [6] [7] [8] [9] Comparable diagnostic yield (Ͼ90%) and abnormality rates (Ͼ60%) have been observed in smaller studies by investigators who performed CVS on patients at the time of fetal demise (Table 8) . 10, [12] [13] [14] By selectively using chorionic villi or meticulously dissecting out fetal parts when villi are not available, the odds are greatly increased that fetal tissue is cultured.
The impact of age has to be considered when assembling data tables. Unfortunately, few age-related risk tables regarding POC results exist. 6, 10 For those cases where age data are available, direct comparison to our results is difficult due to the incompatible format of the available tables. Nevertheless, when an attempt is made to compare our abnormality distribution in Period B stratified by age (Table 9 ) to previous studies, similar trends and distributions are observed (comparison data not shown). 6, 10 The proportions of monosomic and polyploid karyotypes among abnormalities within each age group are quite similar, indicating that these proportions have not changed in almost 20 years. 4 The data pooled from all the studies listed in Table 8 therefore gives one of the most comprehensive indications of the incidence and spectrum of chromosome abnormalities observed to date in POC specimens. Although the overall abnormality rate in POCs may in fact be closer to 70% (as indicated by the small CGH study 24 ), the distribution of the abnormalities appears fairly constant with trisomies, triploidies, monosomy X, multiple aneuploidies, structural abnormalities, tetraploidies, and autosomal monosomies (essentially monosomy 21), accounting for approximately 64%, 11%, 10%, 6%, 4%, 4%, and 1% of all abnormalities, respectively.
Monosomies were the only abnormality group where the difference between the two periods lost significance when logistic regression was applied. Because all cases in Period A and about 81% of cases in Period B were monosomy X, this finding is not surprising as the risk of monosomy X is not influenced by maternal age. 26 As such, the detection rate of this abnormality appears to have remained unchanged over time, irrespective of methodology (POC harvesting versus CV harvesting). This constant rate supports the possibility that cases of monosomy X spontaneously abort later in gestation. Because there is more fetal tissue at a later time of abortion, POC harvesting techniques would be more likely to succeed in detecting cases of monosomy X in cultured specimens. CV harvesting would then be expected to have similar detection rates.
Investigators using POC harvesting frequently mention that monosomy X accounts for approximately 15% to 20% of abnormal SABs. [2] [3] [4] [5] [7] [8] [9] 27 With CV harvesting, the detection rate of monosomies has remained constant while the detection rate of other abnormalities has increased. As such, the concomitant prevalence of monosomies among all abnormalities has decreased. Based on our review of more recent studies (including the present study), the incidence of monosomy X appears comparable to the triploidy rate with each around 10% (Table  8) .
Our study revealed that the presence or the complexity of an abnormality was not associated with the length of time required to obtain a result. While certain abnormalities may fail to establish themselves in culture, the type of abnormality does not appear to influence the growth rate once the culture is successfully initiated. Certain abnormalities may in fact have decreased viability in culture and the differences observed using POC versus CV harvesting indicates that the type of technique and the gestational age of the specimen play a role in culture success/failure. Molecular cytogenetic studies will certainly provide valuable information regarding the correlation between specific abnormalities and their ability to be cultured.
Our collection of double trisomies and multiple aneuploidies reflects the variety of abnormalities that can and do occur during the various stages of meiosis and postzygotic division. Multiple aneuploid karyotypes were observed in ad- (n ϭ 241) (n ϭ 1184)
a Percent of analyzed cases for which age was available.
vancing age, implying a direct correlation between maternal age and the complexity of the chromosomal abnormalities observed. 22 This series of 85 multiple aneuploidies is the largest described to date and includes unique combinations that have not been reported previously. 22, 28 The high number of these cases is probably attributable to the advanced age of our patient population, the use of CV harvesting, and the prompt initiation of culture upon receipt of the specimen. The chromosomes most frequently involved in our multiple aneuploidies were 7, 14, 15, 16, 21, and 22. The 57 double trisomies reported involved all chromosomes except 1, 3, 11, 17, and 19. The absence of 1 and 19 in this group is not surprising as they parallel their low frequency in our trisomy group as well. The absence of 3, 11, and 17 may be either reflective of our sample size or representative of the delicate interaction of various developmental genes that reside on these chromosomes. The origin and mechanism of producing human aneuploidy is difficult to investigate as this phenomenon is not frequently observed in lower animals. 29 Recent literature suggests a predisposition to nondisjunction associated with reduced recombination and that aberrant recombination appears to increase with advanced maternal age. 18, 29, 30 Consistent with other studies, trisomies 16, 22, and 21 continue to be the most common abnormalities in SABs. 3, 4, 11, 20 Those chromosomes found infrequently (i.e., chromosomes 1 and 19) are those that lead to earlier, undetected SABs or fail to establish a viable pregnancy. Trisomy 1 has only been reported twice in the literature 31, 32 and trisomy 19 has been reported once using molecular cytogenetic techniques. 24 Chromosome 19 is known to be particularly gene-rich and probably has many critical genes that require precise dosage for normal development. Trisomy 16 is usually the most common trisomy, as was found in Period B. Trisomy 21 was the most common trisomy in Period A. This may have been an accurate reflection of our findings, but is more likely due to the failure to detect additional cases of trisomy 16, either due to maternal/bacterial contamination or culture failure.
As important as it is to assess the abnormal findings in our study, it is equally important to evaluate any trends found in the normal karyotypes. When determining the sex ratio of normal karyotypes, the techniques used for setting up POC samples are particularly relevant. When a normal cytogenetic result is obtained, the validity of the 46,XX karyotype must be considered, as maternal cell contamination cannot be ruled out without additional molecular testing. Period A's male-tofemale ratio of 0.33 was very low and is likely reflective of a high level of maternal contamination, whereas Period B revealed a male-to-female sex ratio of 0.71. This ratio is identical to the total ratio calculated from all the studies listed in Table  8 3, 11, 12, 24, 33, 34 and is also similar to that obtained by Fritz et al. 24 using CGH. The literature remains unclear as to the expected ratio of males to females in early gestation through the second trimester, and the ratio varies considerably in the various studies. 3-5,7,9 -12,24,33,35 The lower the sex ratio of males to females, the greater the likelihood of maternal cell contamination. As such, the POCs of Period B appear to more accurately reflect fetal karyotypes. A sex ratio of 0.71, however, may still reflect an element of maternal contamination and, as indicated by the CGH study, 24 it remains possible that additional abnormal cases could have been detected. With the improvements in obstetrical care, pregnancies are detected earlier and SABs are evaluated more frequently. Early losses, which are more likely to have abnormal karyotypes, are submitted for cytogenetic studies. This may contribute to the higher abnormality rate detected in Period B. Because gestational age at the time of abortion is not provided to our laboratory, the impact of this important factor could not be addressed in this study. Time bias may have influenced our findings, as random chance could have caused the various distributions in our results. The influence of this bias is minimized by the large, consistent, and statistically significant differences found between our two periods. Finally, the origins of the mosaic cases are open to various interpretations. Because infertility specialists requested many of the analyses, it is possible that the losses were from multiple gestations. There is also the possibility of in vitro loss of chromosomes in those cases that were in culture for a long period of time.
CONCLUSION
Through our study, we have shown that improvements in laboratory technique have led to reduced contamination and growth failure of POCs, irrespective of maternal age. Furthermore, these improvements have led to a more balanced male to female ratio and to the detection of an increased number of abnormal cases. Maternal age continues to play an important and consistent role in determining abnormality distribution. Advanced maternal age is associated with an increased likelihood of aneuploidy and multiple aneuploidy. The 85 cases of multiple aneuploidy reported display a wide range of karyotypic abnormalities and help to further advance our knowledge of the abnormalities associated with SABs. Newer methodologies using CGH and iFISH will be useful in detecting additional abnormalities.
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